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Abstract. We studied three dark inclusions (DIs) in parent asteroid(s), temperature and duration of aqueous
the reduced CV3 chondrite Efremovka (E81, E82, alteration and thermal metamorphism, changes in bulk
E90) using optical and scanning electron microscopy chemical compositions and oxygen isotopic
and electron probe microanalysis, in addition to E39, compositions during these processes. In this paper, we
E53, and E80 characterized in detail by Krot et al. [1]. describe mineralogical and textural observations on
These DIs show moderate degree of alteration similarthree DIs (E81, E82, E90) in the reduced CV3
to those experienced by the Efremovka DI E39. They chondrite Efremovka.
consist of chondrules and CAIs embedded in fine- Mineralogy and petrography. The Efremovka
grained, opague matrices, rich in metal. In contrast to DIs studied consist of chondrules, CAls and mineral
E39, sulfides are absent and Ca-rich rims around Disgrains embedded in fine-grained, opaque matrix, rich in
are not observed. Low-Ca pyroxene, olivine and metal; magnetite and sulfide grains are not observed.
mesostasis in chondrules are completely replaced by arAll coarse-grained components are replaced to various
Fe-rich phase consisting mainly of fine-grained degrees by an Fe-rich phase with an olivine
fayalitic olivine with minor interstitial, poorly- composition (Fa36-43, in wt.%, AD;, 1.3£0.6; C§O;,
crystalline Si-Al-rich material and chlorite [1]. High- 0.4+0.4; CaO, 0.4+0.1; N@, up to 1.1; S up to
Ca pyroxene grains are stable to alteration. Chondrulel.0). The Fe-rich phase probably consists of abundant,
pseudomorphs contain small grains of Ca-Ti-Fe-rich fine-grained fayalitic olivine with small amounts of
phase (possibly Ti-andradite), salite-ferrosalite interstitial, poorly-crystallized Si-Al-rich material, and
pyroxene, and Fe-rich Cr-spinel. Small CAls are chlorite, as was shown for several other DiIs in
abundant throughout the DlIs; they consist of Al- Efremovka [1]. The degree of alteration increases in
diopside and fassaitic pyroxene rims surrounding coresthe order low-Ca pyroxene, plagioclase mesostasis,
composed of the Fe-rich phase. Based on mineralogicalopaque nodules, olivine, and high-Ca pyroxene. Relict
similarities between the DlIs studied and those grains of olivine and high-Ca pyroxene are common in
characterized by Krot et al. [1], we conclude that E81, many chondrule pseudomorphs. Pseudomorphs after
E82, and E90 also experienced aqueous alteration and¢hondrule phenocrysts commonly show layered
subsequent thermal metamorphism in asteroidal textures and contain small grains of a Ca-Ti-Fe-rich
environment. Textural observations indicate that E81 phase, possibly Ti-andradite. Small (<1ffh) CAls
and E82 are breccias containing clasts of variousare abundant throughout the DIs; they consist of Al-
degrees of alteration. We infer that brecciation and diopside and fassaitic pyroxene rims surrounding cores
aggregation of these DlIs occurred after aqueouscompletely replaced by an Fe-rich phase which is
alteration and  possibly  postdated thermal compositionally similar to those in chondrules. Metal
metamorphism. nodules consist of kamacite (3.6-6.0 wt.% Ni, 1.2-4.0

Introduction. Dark inclusions provide important wt.% Co) and taenite (33.4-47.0 wt.% Ni, up to 2.4
information about nebular and/or asteroidal alteration wt.% Co).
processes affecting their components [2-14] as well as E81 and E82show brecciated textures. E81
CAls, chondrules and matrices of the oxidized CV3 contains chondrules with unaltered phenocrysts of
chondrites [10, 12, 14]. iWwas suggested that DIs in forsteritic olivine, glassy mesostasis, troilite, metal
Allende, Vigarano and Leoville experienced various nodules and unaltered, fine-grained CAls. The
degrees of aqueous alteration and were subsequentlyinaltered chondrules and CAls are observed in the
metamorphosed in asteroidal environment and thatcenter of the DI and do not show any evidence of
these processes resulted in formation of fayalitic interaction with the hosDIl. E82 contain chondritic
olivine and secondary Ca-rich phases [4, 8-12 , 14]. clast which is more heavily altered than the host DlI; it
The discovery of relict chlorite coexistingvith contains a large (1200x60@@) altered porphyritic
secondary, fine-grained fayalitic olivine in Efremovka chondrule. The chondrule phenocrysts are replaced by
DIs [1] strongly support this model. Howevenany the Fe-rich phase and surrounded by euhedral grains of
questions about formation history of CV3 DIs remain chromite [Cr/(Cr+Al) = 0.4-0.8, k& (Fg,+Mg) = 0.5-
to be answered; e.g., precursor materials of the DIs in0.7]; mesostasis is replaced by Fe-rich phase and
CV3s and their geological position within CV3 or other contains skeletal aggregates of euhedral pyroxene
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crystals (Fig. A) which vary in composition from PLPSC XV D123; [5] Kurat et al. (1989). Naturforsch.
Fs40Wo09 (core) to Fs32Wo31 (rim). The chondrule is 44a 988; [6]Palme et al. (198%. Naturforsch. 44a1005;
surrounded by a very fine-grained mixture of fayalitic [7] Johnson et al. (19903CA 54 819; [8] Kojima et al.
olivine, Fe-Ni metal, and Ca-rich phase, possibly (1993)Meteoritics 28 649; [9]Kojima T. and Tomeoka K.
diopsidic pyroxene. The boundary between E82 and (1995)GCA 49 2003; [10] Krot et al. (1993)leteoritics 30

host Efremovka is marked by tiny metal nodules and Zgif [[1121]] Eref‘”fylA(-lg-ggbr}I% ggfiZA“;la_([lf;ﬁVfS_ ;<XV||t
veins, possibly indicating melting during shock ’ roteta. (9 ’ eisberg e
metamorphism: al. (1996)MPS 31 A150; [14] Krot et al. (1997)PS 32 in

Discussion.The Dls studied are moderately altered
and texturally and mineralogically similar to the
Efremovka DI E39 described in detail by Krot et al.
[1]. Based on these similarities, it seems likely that the
Fe-rich phase replacing coarse-grained components i
E81, EB2, and E90 consists of fine-grained fayalitic
olivine with small amounts of interstitial, poorly-
crystallized Si-Al-rich material, and chlorite, like in
other Efremovka Dls [1]. We infer that all Efremovka
DIs studied so far experienced similar alteration
processes: aqueous alteration and subsequent therm:
metamorphism resulting in incomplete dehydration of
phyllosilicates, growth of fayalitic olivine and Ti-
andradite (?)Small crystals of Fe-rich Cr-spinel are
either primary crystals enriched in Fe and Cr during
thermal metamorphism or were formed during this
process. Euhedral pyroxene grains (Fig. A) can formed
during primary chondrule glass decay or subsequent
alteration. Increasing of Wo contents from core to rim
of pyroxene grains is disagree with first suggestion.
Moreover discordant location of pyroxene grains to
mesostasis and former olivine phenocryst (Fig. B)
indicates that pyroxene was formed after main
alteration and replacement event. Probably pyroxene
formation occured on the stage of dehydration and
linked with decay of phyllosilicate and releasing of
excess Ca and Al.

The presence of unaltered chondrules and CAls in
E81 and clastsvith various degrees of alteration in
E82 indicate that these DIs were brecciated and
aggregated after aqueous alteration. The presence oj
unaltered glasses in these chondrutey suggest that
dehydration either predated brecciation and : 15 Lum
agglomeration or it occurred at temperatures low :
enough to preserve glass in their mesostases. After
brecciation, the DIs were excavated from their original Fig. Backscattered images of DI ES2.
location and incorporated into the host Efremovka. The o, Euhedral grains of pyroxene (dark) form skeletal

coarse-grained components of the most of theaggregates in fayalitic olivine (gray). White grains are
Efremovka DlIs are flattened (~1:2) and elongated in chromite.
the same Ol‘lentatlon as Chondru|eS and CAIS II’] the hOSB Large zonal Crysta|s of pyroxene (dark) in chondrule
Efremovka, probably due to late-stage shock event.mesostasis between olivine phenocrysts. White grains are
The occurrence diny metal droplets and veins around chromite.
E82 probably supports this suggestion.
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